Abstract: Highly-regulated signals surrounding stem cells, such as growth factors at specific concentrations and matrix mechanical stiffness, have been implicated in modulating stem cell proliferation and maturation. However, tight control of proliferation and lineage commitment signals is rarely achieved during growth outside the body, since the spectrum of biochemical and mechanical signals that govern stem cell renewal and maturation are not fully understood. Therefore, stem cell control can potentially be enhanced through the development of material platforms that more precisely orchestrate signal presentation to stem cells. Using a biomimetic interfacial interpenetrating polymer network (IPN), we define a robust synthetic and highly-defined platform for the culture of adult neural stem cells. IPNs modified with two cell-binding ligands, CGGNGEPRGDTYRAY from bone sialoprotein [bsp-RGD (15)] and CSRARKQAA-SIKVAVSADR from laminin [lam-IKVAV(19)], were assayed for their ability to regulate self-renewal and differentiation in a dose-dependent manner. IPNs with >5.3 pmol/cm 2 bsp-RGD(15) supported both self-renewal and differentiation, whereas IPNs with lam-IKVAV(19) failed to support stem cell adhesion and did not influence differentiation. The IPN platform is highly tunable to probe stem cell signal transduction mechanisms and to control stem cell behavior in vitro.
INTRODUCTION
For stem cells to function therapeutically in the body, stringent temporal and spatial requirements on self-renewal, differentiation, and migration must be met. 1 However, such control can potentially be compromised by heterogeneity in harvested cell populations, artifacts introduced by ex vivo culture (e.g., animal product impurities and genetic or epigenetic instability), or harsh microenvironments at the implantation site. 2 A rational strategy to address these problems is to tailor the cellular microenvironment during harvest, culture, and/or implantation to enhance control over stem cell function. Employing a synthetic materials approach, we engineered a system to present well-characterized signals to stem cells. This tunable and modular microenvironment enables control over stem cell self-renewal and differentiation signals in vitro, and can enable quantitative analysis of mechanisms that regulate these processes in vitro and in vivo.
Considerable work on controlling the microenvironment around stem cells has focused on defining soluble media components for many stem cell lines [3] [4] [5] ; however, stem cells are most often propagated on surfaces that contain animal-derived components with ambiguous signaling properties. Typical culture surfaces consist of poly(styrene) with either a passively adsorbed animal-derived extracellular matrix (ECM) protein or a ''feeder'' layer of mammalian cells. Animal-derived ECM or protein molecules, in either twoor three-dimensional supports, likely contain variable splice and glycoforms, offer limited micro-and nanoscale control of solid-phase signaling, and otherwise present problems for therapeutic application. 6 In particular, the ECM component laminin is a large, posttranslationally modified protein (850 kDa) that is difficult to produce via recombinant expression systems and thus is commonly purified from mammalian cell lines. In addition, human laminin, such as for human embryonic stem cell propagation, is particularly problematic due to significant source variability. Finally, the functions of different cell-binding motifs of laminin and other ECM components have only been partially characterized in select cell lines and are largely unknown for many stem cell lines.
Multipotent neural stem cells (NSCs) derived from the adult hippocampus are potentially attractive for neuroregeneration therapies. 1, [6] [7] [8] Natural ECM molecules such as laminin, collagen, and vitronectin modulate NSC growth rates in vitro (data not shown) and likely engage various integrin adhesion receptors. Integrin signaling has previously been implicated in the survival, proliferation, and differentiation mechanisms of fetal and postnatal neural progenitors. 9 In vitro, NSCs are often propagated in adherent culture on surfaces coated with laminin-1, 10 which engages a number of integrin receptors, including a v b 3 , a 1 b 1 , a IIb b 3 , a 2 b 1 , a 6 b 1 , a 7 b 1 , and a 6 b 4 , and other unknown cellular receptors. 11 Rather than using a ligand that engages multiple cellular receptors with numerous, undetermined downstream signal transducers, this initial attempt to control NSC behavior employed a single well-characterized ECM motif common to laminin, vitronectin, and fibronectin: an Arg-Gly-Asp (RGD) adhesion motif. This motif was grafted onto a synthetic interpenetrating polymer network (IPN) to create a highly mechanically and chemically defined NSC culturing environment. Additionally, we explored the function of a laminin motif, lam-IKVAV(19), since both two-and three-dimensional presentation of various laminin domains such as IKVAV influence neurite extension of adult whole hippocampal explants 12, 13 and fetal neural progenitor differentiation.
14 Such precise control of particular ECM motifs is not possible in traditional cell culture materials, and our results on peptide-modified IPNs has implications for both basic stem cell biology and therapeutic efforts.
MATERIALS AND METHODS

Materials
Acrylamide (AAm), poly(ethylene glycol) 1000 monomethyl ether monomethacrylate (pEG1000MA), acrylic acid (AAc), and N,N 0 -methylenebis(acrylamide) (BIS; Chemzymes, ultrapure grade) were purchased from Polysciences (Warrington, PA). N-hydroxysulfosuccinimide (sulfo-NHS), 2-(N-morpholino) ethanesulfonic acid, 0.9 % sodium chloride buffer (MES; ''BupH MES Buffered Saline Pack''), and sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfo-SMCC) were acquired from Pierce (Rockford, IL). [3-(3,4-Dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-2-hydroxypropyl] trimethylammonium chloride (QTX) was obtained from Aldrich (Milwaukee, WI). Allyltrichlorosilane (ATC) was obtained from Gelest (Morrisville, PA). Diamino-poly(ethylene glycol) [PEG(NH 2 ) 2 ; 3400 g/mol, chromatographically pure] was purchased from Nektar (Huntsville, AL). All water used in this study was ultrapure ASTM Type I reagent grade water (18.2 MO cm, pyrogen free, endotoxin < 0.03 EU/mL). RGD and RGE peptides were synthesized by American Peptide (Sunnyvale, CA) and characterized using mass spectrometry and high-performance liquid chromatography (purity >95%). RGD and RGE peptides were based on the integrin-binding sequence from rat bone sialoprotein: bsp-RGD (15) 0 ,6-diamidino-2-phenylindole (DAPI), polyornithine, natural mouse laminin, and recombinant basic fibroblast growth factor-2 (bFGF) were purchased from Invitrogen (Carlsbad, CA). Retinoic acid and forskolin were both obtained from BioMol (Plymouth Meeting, PA). For immunofluorescent staining, primary antibodies of mouse anti-nestin were purchased from Becton Dickinson (Franklin Lakes, New Jersey), mouse anti-microtubule associated protein 2ab (Map2ab) from Sigma-Aldrich (St. Louis, MO), and guinea pig anti-glial fibrillary acidic protein (GFAP) from Advanced Immunochemical (Long Beach, CA). Alexa fluorochrome-conjugated secondary antibodies, CyQUANT dye, and Sybergreen were purchased from Molecular Probes (Eugene, Oregon). For characterization by quartz crystal microbalance with dissipation monitoring (QCM-D), quartz sensor crystals were purchased from Q-sense (Newport Beach, CA). All other chemicals used were reagent grade and used as purchased without further purification. All glassware was cleaned as described previously. 17 
Laminin cell culture surfaces
Positive control surfaces were coated with polyornithine and saturated with mouse laminin-1 (Invitrogen, from the Engelbreth-Holm-Swarm (EHS) sarcoma) as described in the literature. 8 Briefly, polyornithine (10 mg/mL in water) was added to cover each poly(styrene) culture well and incubated overnight at room temperature. Wells were then rinsed twice with sterile water, and laminin (*5 mg/mL in DPBS) was added to cover each well. After incubation overnight at 378C, wells were frozen at À208C. Wells were thawed at 378C immediately before use.
IPN cell culture surfaces
Polymerization and conjugation details can be found elsewhere, 16 but are described briefly below. All reactions were carried out at room temperature unless otherwise stated. Poly(styrene) (PS) surfaces were cleaned by submersion in a 5M NaOH ethanol/ultrapure water (UPW) solution (v/v, 70/30) for 1 h, rinsed, and sonicated (30 min; Branson model 5510, 40 kHz, 469 W, 117 V) in UPW. After cleaning, the samples were dried (N 2 ) and activated with an oxygen plasma. The IPN was then grafted to PS using a two-step sequential photopolymerization similar to previously published protocols. After an 8-10 min adsorption of AAm solution (0.1485 g/mL AAm, 0.0015 g/mL BIS, 0.01 g/mL QTX, 0.03 mL/mL isopropyl alcohol, 0.97 mL/mL UPW), the samples underwent photoinitiated free radical polymerization using a transilluminator table (model TFL-40; Ultra-Violet Products, Upland, CA) for 4.5 min. The power of the table was measured at 2.3 mW/cm 2 using a radiometer (International Light, MA), with a 352-377 nm band-pass filter. Following polymerization, excess homopolymer was aspirated and the samples were placed in UPW (>10 min), rinsed, and sonicated (UPW, 5 min). After sonication, the samples were rinsed (UPW) and dried (N 2 ). An IPN of p(AAm-co-EG/AAc) was formed [ Fig. 1(a) ] after an 8-10 min exposure of the pAAm layer to PEG/AAc solution (0.0200 g/mL PEG, 0.0100 g/mL BIS, 0.005 g/mL QTX, 0.0162 mL/mL AAc, 0.5 mL/mL isopropyl alcohol, 0.5 mL/ mL UPW) and subsequent photoinitiated polymerization for 6 min. Following the formation of the IPN, the samples were equilibrated with buffer (>30 min, 0.5M MES, pH 7). To functionalize the IPN with biological ligands, 3400M w PEG(NH 2 ) 2 spacer chains were grafted to the AAc sites via a carbodiimide reaction [60 min, 0.5M MES, pH 7, 0.150 g/mL PEG(NH 2 ) 2 , 0.005 g/mL EDC, 0.0025 g/mL sulfo-NHS]. After the reaction, the solution was aspirated and the samples were rinsed twice with 0.1M MES buffer (pH 7.0) followed by twice rinse with 50 mM sodium borate buffer (pH 7.5). To couple bioactive molecules to the PEG(NH 2 ) 2 -modified IPN, the heterobifunctional cross-linker, sulfo-SMCC, was reacted with the free amine on the PEG(NH 2 ) 2 chains (0.0005 g/mL sulfo-SMCC, pH 7.5, borate buffer). The solution was then aspirated, and the samples were rinsed twice with borate buffer followed by twice rinse with peptide-coupling buffer (0.1M sodium phosphate, pH 6.6). Finally, the peptide [bsp-RGD(15), bsp-RGE(15), bsp-RGD(15)-FITC, or lam-IKVAV (19) ] was coupled (0-20 mM) to the maleimide (sulfo-SMCC) at the peptide N-terminal free thiol. Following the reaction, the solution was aspirated and the samples were rinsed 4-5 times with coupling buffer, sonicated (UPW, 5 min), rinsed (UPW), and dried (N 2 ).
The surfaces of the QCMD sensor crystals were modified for characterization with an IPN of p(AAm-co-EG/AAc) as described above, except that a unsaturated silane was chemisorbed to the surface prior to the polymerization step as described previously. 17 Briefly, sensor crystals were coated with 200 nm of silicon/silicon dioxide (Si/SiO 2 ), and an unsaturated organosilane, ATC, was grafted onto the crystals by soaking them in a 1.25% (v/v) solution of ATC in anhydrous toluene (prepared in a nitrogen glovebox) for 5 min. The sensor crystals were baked for 30 min at 1258C, and the IPN synthesis of p(AAm-co-EG/AAc) proceeded as described above.
Characterization of IPN surfaces
A QCM-D D300 (Q-sense) was used in this study, as described in detail elsewhere. 17 Briefly, in a QCM-D experiment, four separate resonant frequencies (overtones, n) were used to drive oscillation of the shear wave through the crystal: *5 MHz (fundamental overtone, n ¼ 1), *15 MHz (n ¼ 3), *25 MHz (n ¼ 5), and *35 MHz (n ¼ 7). The applied voltage for each resonant frequency was sequentially pulsed across the sensor crystal, allowing shear wave dissipation with the simultaneous measurement of the absolute dissipation (D) and the absolute resonant frequency ( f ) of the crystal for all four overtones. All measurements were taken at 378C. The f and D values were recorded for the crystals before and after ex situ modification, both dry and in DPBS. Dry thickness was calculated via the Sauerbrey relationship, DM ¼ ÀCDf/n, where DM is the total change in mass of a rigid, elastic adlayer, C is a constant (17.7 ng/cm 2 Hz) based on the physical properties of the quartz crystal, and n was the overtone number. The IPN surfaces were swollen in DPBS (sample size of 3). Degassed DPBS was introduced into the measurement chamber, and the chamber was sealed during the 16-h swelling period. For protein adsorption studies, proliferation or differentiation media (see neural stem cell culture) was introduced for 1 h, and then rinsed twice with DPBS for 5 min. Peptide density and degradation analysis of such surfaces have been characterized elsewhere. 18 X-ray photoelectron spectra (XPS) were recorded using a PHI 5400 instrument (Physical Electronics, Chanhassen, MN), with a nonmonochromatic Mg anode as the X-ray source at a takeoff angle of 558, using the same method as described elsewhere. 16, 17 Neural stem cell culture Neural stem cells were isolated from the hippocampi of adult female Fischer 344 rats as previously described.
8 Cells (600-30,000 cells/cm 2 ) were seeded onto peptide-modified and laminin-modified culture wells and incubated (378C, 5% CO 2 ) in serum-free media consisting of DMEM/Hams F-12 medium with N-2 supplement. These media conditions were supplemented with various soluble factors to modulate cell behavior: 20 ng/mL bFGF for cell proliferation or 1 mM retinoic acid with 5 mM forskolin for neuronal differentiation. Wells were rinsed every 48 h with fresh media.
Neural stem cell assays
Cells were seeded at 10 2 -10 5 cells/cm 2 on various surfaces and grown for 3-6 days, and cell number was determined using the CyQUANT (Molecular Probes, Eugene, OR) assay following the manufacturer's instructions. For im-munofluorescent staining, cells on days 1-14 were fixed with 4% paraformaldehyde DPBS and stained with primary antibodies of mouse anti-nestin (1:1,000 dilution), mouse anti-microtubule associated protein 2ab (Map2ab) (1:250), and guinea pig anti-glial fibrillary acidic protein (1:1,000) .
Detection of primary antibodies was performed with Alexa fluorochrome-conjugated secondary antibodies at a dilution of 1:250. Nuclei were stained with the DNA dyes SYBR Green and DAPI. Images were collected on an Olympus IX-50 microscope and a Zeiss META 510 laser scanning confocal microscope. Quantitative real-time PCR (qRT-PCR) was used as a complementary technique to accurately quantify specific cDNA concentrations in various cDNA samples from cells grown on IPNs and laminin (using a Bio-Rad Laboratories iCycler 4). We have recently developed this combination of qRT-PCR and immunofluorescent staining to assay the phenotype of stem cells. 19 GFAP expression levels were quantified as a marker for astrocytic differentiation of the progenitor cells. b-Tubulin-III was used as a marker for neurons, and nestin was used as a marker for NSCs. Ribosomal 18S was employed to normalize the various samples for differences in the starting amounts of cDNA used in each sample. The utilized primers and TAQMAN probes are listed as follows in the following format (marker, 5 0 -primer, 3 0 -primer, hybridization TAQMAN oligo): (GFAP, GACCTG CGACCTTGAGTCCT, TCTCCTCCTTGAGGCTTTGG, TCC TTGGAGAGGCAAATGCGC), (b-Tubulin-III, GCATGGATG AGATGGAGTTCACC, CGACTCCTCGTCGTCATCTTCATAC, TGAACGACCTGGTGTCTGAG) (nestin, GAGCTCTCTGGG CAAGTGGA, CTCCCACCGCTGTTGATTTC, AGGACAG-TC-AGCAGTGCCTGCA), and (18S, GTAACCCGTTGAACCC CATTC, CCATCCAATCGGTAGTAGCGA, AAGTGCGGG TCATAAGCTTGCG). Standards for performing qRT-PCR were pPCR4-TOPO plasmids (Invitrogen, Carlsbad, CA) containing the amplicon of interest as an insert. The plasmids were linearized by restriction digest and quantified by absorbance, and 10-fold serial dilutions from 1 to 10 À9 ng were prepared to generate a standard curve. All samples were conducted in duplicate.
RESULTS AND DISCUSSION
Peptide-modified IPNs [ Fig. 1(a) ] were used to examine the ability of oligopeptides derived from the active domains of adhesion proteins found within ECMs (e.g., laminin and bone sialoprotein) to regulate adult NSC self-renewal and differentiation. The IPNs were synthesized from acrylamide (AAm), poly(ethylene glycol) 1000 monomethyl ether monomethacrylate (pEG1000MA), and acrylic acid (AAc) monomers [ Fig.  1(a) ]. These monomers were chosen to minimize protein adsorption and prevent any nonspecific substrate signaling to stem cells, such that defined biochemical signals could be subsequently introduced onto the surface. After characterizing the IPN, we show that an integrin-binding ligand, bsp-RGD(15), within the IPN culturing system controlled adult NSC self-renewal and differentiation in a dose-dependent manner, while the cell-engaging lam-IKVAV(19) ligand only had modest effects on differentiation. The combination of both defined media and substrate conditions in the IPN culture system represents a highly tunable platform to probe stem cell signal transduction mechanisms and to control stem cell behavior in vitro.
Three characterization methods were used to analyze the IPN chemical and mechanical properties: XPS, fluorescently-tagged ligands, and quartz crystal microbalance with dissipation monitoring (QCM-D).
After each step of synthesis, XPS peak intensity ratios (i.e., O/N and C/N) indicated that the IPN coated the poly(styrene) substrate, while angle-resolved studies demonstrated that the pAAm and p(EG-co-AAc) networks were interpenetrating as previously described. 16 IPN physical properties, specifically thickness as well as storage and loss moduli, were measured by modeling QCM-D frequency and dissipation changes upon swelling of the IPN in DPBS 17 (Table I) . Upon exposure to DPBS, the IPN swelled within seconds to *12 nm and was nonfouling (i.e., low protein adsorption) to media components (<5 ng/cm 2 adsorbed protein). 17 FITC-labeled peptides were used in several IPN preparations to determine the surface density of bioactive peptides as a function of the amount of soluble peptide added to the surface conjugation reaction (data not shown), which allowed subsequent fine-tuning of peptide surface density in the 1-20 pmol/cm 2 range. The tether length of *3 nm between the IPN and any selected bioactive signal was specifically chosen to present the signal away from the IPN and thereby enhance cell engagement. 20 Therefore, the peptide-modified IPN ligand density (1.2-21 pmol/cm 2 ), hydrated thickness (14 nm), swelling behavior (polymer volume fraction, v 2s ¼ 0.42), shear modulus (|G*| ¼ 94 kPa), and nonfouling properties define a specific cellular microenvironment, namely by specifying the dose and mechanical context of the chemical signals presented to stem cells (see Table I ).
A variety of ECM proteins, such as fibronectin, laminin, vitronectin, thrombospondin, tenascin, and collagen IV, may engage NSCs in the brain. 21 Although 22 amino acids flanking the RGD were chosen to increase the specificity from that of the RGD motif in laminin, which can target several integrin receptors including a v b 3 23 and a 6 b 1 , 24 to that of the RGD motif in bone sialoprotein, which targets more specifically integrin receptors a v b 3 and a 2 b 1 with high affinity. 25 NSCs isolated from the adult hippocampus, 8 found to express b 3 integrins (data not shown), were seeded onto bsp-RGD(15)-modified IPNs at cell densities varying over four orders of magnitude. Under proliferating media conditions, cell adhesion and morphology on the RGD surfaces were similar to that on laminin [ Fig.  1(b,c) ]. By contrast, on surfaces with either low or no bsp-RGD(15), cells did not adhere effectively [ Fig.  1(d,e) ] and resembled NSC growth in suspension as neurospheres. 26 Such spheres provide less precise control over the cellular microenvironment, due in part to spatial gradients in signaling and nutrients and internal necrosis. The bsp-RGE (15), which differs from the bsp-RGD(15) peptide by only a methylene group, did not support attachment and thus highlighted the specificity of the NSC engagement with the peptide-modified IPN. Importantly, the bsp-RGD(15)-modified IPN also supported NSC proliferation in a ligand dose-dependent fashion, and IPNs with the highest bsp-RGD(15) density supported faster cell proliferation than standard laminin-coated surfaces [ Fig. 1(f) ]. Any increase in cell number on the negative control bsp-RGE(15)-modified IPNs reflected growth of weakly adherent neurospheres [ Fig. 1(e,f) ]. A surface density between 5.3 and 11 pmol/cm 2 bsp-RGD(15) was needed to support both proliferation and differentiation of NSCs (see below), corresponding to *10 6 ligands per cell for the 10 mm diameter cells.
In addition to precise control of cell proliferation, the bsp-RGD(15)-modified IPNs supported multipotent NSCs in several states of differentiation. Similar levels of mRNA encoding nestin, a neurofilament characteristic of immature neural cells, 27 were observed on bsp-RGD(15)-modified IPNs and laminin surfaces for all time points analyzed up to 14 days in bFGF (i.e. proliferating conditions) 10 [ Fig. 2(a) ]. Subsequently, cells were subjected to differentiation conditions (i.e. retinoic acid and forskolin). 10 Cell morphology as well as immunostaining of lineage-specific markers were similar on laminin versus bsp-RGD(15)-modified IPN surfaces [ Fig. 2(b-d) , left]. Furthermore, qRT-PCR for lineage specific markers indicated that the laminin and bsp-RGD(15)-modified IPN surfaces supported differentiation into neural lineages to the same extent [ Fig.  2(c,d) , right].
We next examined whether cell differentiation depended on RGD density, as found previously for cell proliferation (Fig. 1) . The ability of the surfaces to support differentiation decreased with reducing RGD density [ Fig. 3(a,b) ]. Further work is necessary to determine whether signaling by a v b 3 or other integrins actively contributes to cell differentiation, a potentially important result for adult neurogenesis given that the expression of both bone sialoprotein protein and a v b 3 integrin are upregulated at sites of central nervous system injury. 28 In addition, our results showing NSC engagement with a v b 3 integrin ligands suggest roles in adult neurogenesis for specific ECM isoforms that act as strong ligands for a v b 3 integrins (e.g., isoforms with laminin a5 chains 29 ). These data indicate that a synthetic hydrogel presenting a simple RGD-containing motif functionally replaced the ability of laminin-1 to support cell attachment, proliferation, and differentiation, a significant result considering that complex ECM molecules such as laminin are extremely large (850 kDa) and contain a number of cell-binding motifs.
11 -13 We next tested whether another laminin motif, Ile-Lys-Val-Ala-Val [lam-IKVAV (19) ], putatively involved in neurite extension of mature neurons 12, 13 and differentiation of fetal neuronal progenitors, 14 could modulate cell behavior. We took advantage of the fact that the highly modular synthetic IPN matrix could be conjugated with diverse combinations of biochemical signals, such as lam-IKVAV(19) and bsp-RGD (15) peptides at various ratios (i.e., creation of binary peptide phase diagrams). We observed that lam-IKVAV (19) neither enhanced cell proliferation nor differentiation [ Fig. 3(b,c) ]. On pure lam-IKVAV(19)-modified IPNs, NSCs did not adhere under differentiating or proliferating media conditions, similar to behavior on the negative control RGE surface [ Figs. 1(e) and 3(a-c) ]. Furthermore, cell differentiation into both neuronal and astrocytic lineages progressively decreased as the IKVAV/RGD ratio increased [ Fig. 3(a,b) ]. These results further confirm that the RGD peptide-modified IPN, without introducing any cooperative effects from mechanisms involving lam-IKVAV (19) , was able to functionally substitute for laminin in early differentiation stages of adult NSCs. Furthermore, in contrast to fetal neuronal progenitors 14 or mature neurons, 12, 13 IKVAV did not support the attachment, neuronal differentiation, or neurite extension of adult NSCs at the surface densities tested. The extent to which the peptide-modified IPN microenvironment either selects for cells that have adopted a particular behavior or actively instructs cells towards specific behaviors requires further characterization. For proliferating media conditions, poorly adhered or necrotic cells were not observed at any time, and thus the IPN microenvironment likely instructs cells to survive and proliferate. The IPN microenvironment could affect stem cell signal transduction via a variety of mechanisms, including ones involving stretch-induced ion channels, lipid bilayers, intracellular cytoskeleton-associated proteins, and/or cell-surface adhesion receptors. 30 We have found similar temporal activation of intracellular signaling pathways in NSCs on both bsp-RGD(15) IPNs and laminin (data not shown), indicating that the RGD peptide likely actively signals through integrin receptors. However, further characterization may reveal which specific peptide receptors are activated. Under differentiating media conditions, a small fraction of poorly adhered cells were seen after 2-6 days following NSC seeding on both laminin and IPN surfaces. Adhesion and apoptosis assays with various peptide-modified IPNs in combination with signal transduction agonists/antagonists would shed light on cell interactions with the IPN during this process.
This work defined a systematic engineering approach to designing a combination of bioactive synthetic materials and media conditions to direct stem cell behavior (Table I) . Defined cell culture environments can enhance both basic and applied stem cell endeavors. Specifically, several nonlinear synergies between growth factor and substrate signals have been observed in differentiated cell lines. 31, 32 The IPN synthetic approach can readily facilitate the dissection of bioactive motifs within the ECM or other signaling molecules (e.g., Fig. 3 ), since the modular nature of the synthesis and bioconjugation offers easy exploration of numerous signals that could promote selfrenewal, differentiation, or other cell behavior such as cell migration. Almost every entry in Table I can be adjusted independently to define which combinations of soluble and solid-phase signals control cell behavior. Moreover, substrate compliance 33 and degradation 34 can influence cell morphology under proliferation and differentiation conditions, causing drastic changes in stem cell behavior. 35 The mechanical properties of the IPN can be modulated for exploring the effects of matrix mechanics on cell signaling and behavior. Lastly, for regenerative medicine applications, the matrix could enhance cell survival and grafting after implantation at the site of disease or injury; however, there are still significant obstacles in translating in vitro results on biomaterial performance to clinically relevant implantable materials, even for materials that show promise in vivo.
14,36 These efforts may be assisted by using in vitro IPNs as an intermediate platform to devise design rules for neural implants, particularly chemistries that can be readily expanded to make cell-responsive (e.g., protease degradable) matrices. 37 In summary, the bioactive IPN presents a precise, tunable microenvironment to control the proliferation and differentiation of stem cells, which can be rationally harnessed for basic scientific, bioprocess, and therapeutic purposes.
